Numerous relatively short regions within intrinsically disordered proteins (IDPs) serve as molecular recognition elements (MoREs). They fold into ordered structures upon binding to their partner molecules. Currently, there is still a lack of in-depth understanding of how coupled binding and folding occurs in MoREs. Here, we quantified the unbound ensembles of the α-MoRE within the intrinsically disordered C-terminal domain of the measles virus nucleoprotein. We developed a multiscaled approach by combining a physics-based and an atomic hybrid model to decipher the mechanism by which the α-MoRE interacts with the X domain of the measles virus phosphoprotein. Our multiscaled approach led to remarkable qualitative and quantitative agreements between the theoretical predictions and experimental results (e.g., chemical shifts). We found that the free α-MoRE rapidly interconverts between multiple discrete partially helical conformations and the unfolded state, in accordance with the experimental observations. We quantified the underlying global folding-binding landscape. This leads to a synergistic mechanism in which the recognition event proceeds via (minor) conformational selection, followed by (major) induced folding. We also provided evidence that the α-MoRE is a compact molten globule-like IDP and behaves as a downhill folder in the induced folding process. We further provided a theoretical explanation for the inherent connections between "downhill folding," "molten globule," and "intrinsic disorder" in IDP-related systems. Particularly, we proposed that binding and unbinding of IDPs proceed in a stepwise way through a "kinetic divide-and-conquer" strategy that confers them high specificity without high affinity. multiscale simulation | hybrid structure-based model | free-energy surface | flexible binding | flexible recognition I ntrinsically disordered proteins (IDPs) are a newly recognized class of naturally abundant, functional proteins that are unable to fold into a well-defined secondary or tertiary structure under physiological conditions of pH and salinity in the absence of a partner (1-3). IDPs perform a wide spectrum of biological functions, often related to molecular recognition, signal transduction, and cell regulation (4). In contrast, canonical proteins with ordered structure mainly carry out their functions in catalysis and membrane transport (5). The functional repertoire of ordered proteins and that of IDPs are complementary to each other (2, 4). Earlier bioinformatics studies predicted that more than 50% of eukaryotic proteins have long disordered regions (1, 6), and the proportion further increases up to 70% in signaling proteins (7). Due to their ubiquitous occurrence in the living world and close relationship with human diseases, IDPs have in recent years become a hot topic in protein science (3, 8) . One of the most interesting characteristics of IDPs is that they often undergo disorder-to-order transitions upon binding to their partner(s), such as proteins or DNA (9-14), even though some IDP-partner complexes can be still devoid of stable structure (15). A significant number of coupled folding and binding events involve relatively short regions located within longer disordered regions, known as molecular recognition elements (MoREs) (16, 17) . Nonetheless, there is still no detailed understanding of how coupled binding and folding occur in MoREs despite the recent progress on the elucidation of the molecular bases of this process (18) (19) (20) .
Numerous relatively short regions within intrinsically disordered proteins (IDPs) serve as molecular recognition elements (MoREs). They fold into ordered structures upon binding to their partner molecules. Currently, there is still a lack of in-depth understanding of how coupled binding and folding occurs in MoREs. Here, we quantified the unbound ensembles of the α-MoRE within the intrinsically disordered C-terminal domain of the measles virus nucleoprotein. We developed a multiscaled approach by combining a physics-based and an atomic hybrid model to decipher the mechanism by which the α-MoRE interacts with the X domain of the measles virus phosphoprotein. Our multiscaled approach led to remarkable qualitative and quantitative agreements between the theoretical predictions and experimental results (e.g., chemical shifts). We found that the free α-MoRE rapidly interconverts between multiple discrete partially helical conformations and the unfolded state, in accordance with the experimental observations. We quantified the underlying global folding-binding landscape. This leads to a synergistic mechanism in which the recognition event proceeds via (minor) conformational selection, followed by (major) induced folding. We also provided evidence that the α-MoRE is a compact molten globule-like IDP and behaves as a downhill folder in the induced folding process. We further provided a theoretical explanation for the inherent connections between "downhill folding," "molten globule," and "intrinsic disorder" in IDP-related systems. Particularly, we proposed that binding and unbinding of IDPs proceed in a stepwise way through a "kinetic divide-and-conquer" strategy that confers them high specificity without high affinity. multiscale simulation | hybrid structure-based model | free-energy surface | flexible binding | flexible recognition I ntrinsically disordered proteins (IDPs) are a newly recognized class of naturally abundant, functional proteins that are unable to fold into a well-defined secondary or tertiary structure under physiological conditions of pH and salinity in the absence of a partner (1) (2) (3) . IDPs perform a wide spectrum of biological functions, often related to molecular recognition, signal transduction, and cell regulation (4) . In contrast, canonical proteins with ordered structure mainly carry out their functions in catalysis and membrane transport (5) . The functional repertoire of ordered proteins and that of IDPs are complementary to each other (2, 4) . Earlier bioinformatics studies predicted that more than 50% of eukaryotic proteins have long disordered regions (1, 6) , and the proportion further increases up to 70% in signaling proteins (7) . Due to their ubiquitous occurrence in the living world and close relationship with human diseases, IDPs have in recent years become a hot topic in protein science (3, 8) . One of the most interesting characteristics of IDPs is that they often undergo disorder-to-order transitions upon binding to their partner(s), such as proteins or DNA (9) (10) (11) (12) (13) (14) , even though some IDP-partner complexes can be still devoid of stable structure (15) . A significant number of coupled folding and binding events involve relatively short regions located within longer disordered regions, known as molecular recognition elements (MoREs) (16, 17) . Nonetheless, there is still no detailed understanding of how coupled binding and folding occur in MoREs despite the recent progress on the elucidation of the molecular bases of this process (18) (19) (20) .
Traditional biophysical approaches, such as NMR and X-ray crystallography, can only provide the ensemble description of the free form or a snapshot of the conformation of the bound form, respectively, limiting their usefulness in the case of IDPs. Although other biophysical techniques, including small-angle X-ray scattering (SAXS) and fluorescence Forster resonance energy transfer, are able to provide complementary and valuable information on the disordered structure, it is still challenging to obtain an accurate description of the structural ensemble sampled by an IDP and of the molecular mechanism by which it recognizes its target. To meet this challenge, we developed an atomic hybrid model for IDPs by integrating local physics-based interactions and nonlocal structure-based interactions. The former term is borrowed from the empirically parameterized force field. On one hand, it has no bias to a particular conformation so as to be transferable, and on the other hand, it also naturally preserves the atomistic representation of the peptide chain. The latter term is able to integrate the nature of the funneled energy landscape, resulting in accelerating the conformational transition Significance Quantitative understanding of how coupled binding and folding occurs for intrinsically disordered molecular recognition element (MoRE) critical for function is still challenging. By developing an integrated approach, we provided physical quantification of folding and binding energy landscapes of a MoRE at atomistic level. Our predictions are in remarkable agreements with the experiments, and lead to the recognition mechanism via conformational selection, followed by induced folding. We provided an explanation for the underlying connections among "downhill folding," "molten globule," and "intrinsic disorder." We proposed a "kinetic divide-and-conquer" mechanism to understand the high specificity without high affinity in intrinsic disordered protein binding.
of folding and binding (21) (22) (23) . Previous studies suggested that there are important differences between the energetic distribution of IDPs compared with that of canonical structured proteins (8) . Therefore, we introduced additional energetic parameters to match the experimental observations, including structural fluctuations, binding affinity, residual structure, and ionic strength. Overall, our model is substantially different from previous physics-based models (24) (25) (26) (27) (28) and structure-based models (10, 11, 13, (29) (30) (31) (32) (33) (34) (35) used in the studies of IDPs.
In the present work, we applied the IDP model in combination with physics-based simulations (with solvent) to identify the unbound ensembles of the α-MoRE (residues 484-504) located within the intrinsically disordered C-terminal domain of the measles virus (MeV) nucleoprotein (N TAIL , residues 401-525) and deciphered the mechanism by which the α-MoRE recognizes the X domain (XD) of the MeV phosphoprotein (Fig. 1) . The XD-N TAIL interaction is an excellent model system to study the coupled folding and binding of IDPs. The MeV nucleoprotein consists of an ordered N-terminal domain and a disordered Cterminal domain referred to as N TAIL (36) (37) (38) . Previous studies, including X-ray crystallography (39, 40) , NMR (38, 40, 41) , circular dichroism (38) , and electron paramagnetic resonance (EPR) (42, 43) , identified a MoRE of helical nature (α-MoRE) that undergoes α-helical folding upon interaction with XD within one out of three conserved N TAIL regions. Despite this considerable body of structural information, the mechanism leading to the induced folding of N TAIL remains unclear. In particular, whether the process should be described by induced folding or conformational selection (44) is still unknown. In the former mechanism, N TAIL folds after binding to XD, whereas within the latter scenario, prefolded conformations of free N TAIL bind directly to XD.
Chemical shifts and site-directed spin-labeling EPR spectroscopy data have suggested that the α-MoRE within free N TAIL interconverts rapidly between unfolded conformations and helical conformations whose fractional population is in the range of 30-50% (40, 41, 43, 45) . More recently, Jensen et al. (46) have used residual dipolar coupling measurements to obtain an atomic resolution ensemble description of isolated N TAIL and provided a quantitative description of conformational equilibria. The conformational equilibria suggest that the α-MoRE rapidly interconverts between an unfolded state and four discrete helical conformational substates. However, it is important to emphasize that the preexistence of folded structures in IDPs does not necessarily imply a conformational selection mechanism (47, 48) .
In this study, we first explored the native ensemble of the isolated α-MoRE in solvent by performing physics-based simulations that reproduced well the experimental observation that free N TAIL populates multiple helical conformations. In addition, the predicted chemical shifts are in remarkable agreement with the NMR experimental data. We next applied the IDP model to generate enough binding-folding events, which were subsequently used to investigate the recognition mechanism. We further investigated the structural property of the α-MoRE in the context of the "protein trinity" proposal (49) and explored the possibility of IDPs as a barrier-free folder.
Results
Native Ensemble of the Isolated α-MoRE of N TAIL . In general, it is not feasible to characterize IDPs by an ensemble averaged method due to the underlying structural heterogeneity. This represents a significant challenge to experimental measurements of the dynamic and heterogeneous nature of IDPs. In view of achieving a better understanding of the behavior of N TAIL , we first carried out physics-based simulations of the α-MoRE in solution so as to obtain molecular insights that are challenging to gain in experiments. Taking into account the fact that the C-terminal region of N TAIL plays no significant role in the molecular recognition process (50) , to reduce both the complexity and computational cost, we did not model it here.
From the replica exchange molecular dynamics (REMD) simulations (51), we successfully observed that the isolated α-MoRE is in dynamic equilibrium between completely unfolded states and partially helical states, consistent with the experimental observations (46) . For quantitative comparison with the experimental observation of the helical distribution, we calculated the helical propensity for each residue. Among these 96 replicas in REMD simulations, we focused on investigating the thermodynamic properties at 298 K, which is comparable to the experimental conditions. There are multiple methods to define the formation of a helix in a peptide segment (13, 26, 28, 34) . Here, we used three different definitions (SI Appendix) to guarantee the robustness of the analysis. The results are summarized in Fig. 2B . They clearly indicate that the α-MoRE has a significant probability to form an α-helix, especially in two regions encompassing residues 485-490 and 492-499, with the latter region having a higher probability than the former. Although the helical propensity is dependent on the choice of the definition, results consistently show a common tendency, thereby leading to the conclusion that N TAIL is not a random coil in the free form, and rather is highly inclined to form helical secondary structure in particular regions.
To shed light onto the heterogeneity of the native ensemble of the α-MoRE, we used a clustering algorithm to analyze the conformational space sampled at 298 K. Fig. 2A shows the average structures of the top eight most populated clusters that occupy 70.5% of the conformational space in total (SI Appendix, Fig. S3 ). Previous experimental studies (46) revealed formation of an α-helix over the 494-499 region in 22% of conformers, with this fraction increasing up to 30% for an α-helix spanning residues 492-497, implying that residues 492-499 have a higher helical propensity than the other parts of the chain, in accordance with our results. Unfortunately, we did not observe the long helix within the computational time, indicating the incomplete sampling of the conformational space of this IDP.
Furthermore, the clustered conformations from physics-based simulations were used to backcalculate the average chemical shifts of the isolated α-MoRE in solution. The predicted data allow us to draw a quantitative comparison with chemical shifts measured in NMR experiments. It is known that backbone chemical shifts have a strong correlation with the secondary structure content of proteins in solution. Especially, it has been suggested that the location and population of transient α-helical structures of IDPs can be derived from secondary chemical shift data of the α-carbon ðΔδC α Þ (35, 52) . Thus, ΔδC α values were calculated here (SI Appendix) and compared with experimental observations (41) , as shown in Fig. 2 C and D. The predicted chemical shifts data of the free form of the α-MoRE overlap well with experimental measurement (with a correlation coefficient of 0.73). Remarkably, the predictions derived from the REMD trajectories at 301 K show a better agreement with experimental data (with a correlation coefficient of 0.76; SI Appendix, Fig. S4 ). In the free form, the α-MoRE region with the highest predicted C α chemical shifts is that encompassing residues 492-499, consistent with the experimental observation that this region has the highest helical population (46) .
The good agreement between the structural properties inferred from simulations and those based on experiments, suggests that physics-based REMD simulations provide a reasonable description of the conformational equilibrium of the α-MoRE. Of course, the sufficient exploration of the highly heterogeneous ensembles of free IDPs still demands more effective sampling techniques (25, 53) or specifically designed hardware (24) . In light of the large number of coupled folding and binding events that are required to be sampled in the N TAIL -XD system, physics-based simulations are unable to yield the global freeenergy landscape of the bound form of the IDP even with the help of enhancing sampling techniques. To address this issue, we used a model specially designed for the coupled folding and binding of IDPs.
Coupled Folding and Binding of N TAIL to XD. Observing and understanding the transition between the unbound-unfolded state and the bound-folded state is highly challenging, both experimentally and theoretically (especially with physics-based simulations). This process involves large-scale conformational changes and two biologically related aspects, namely protein folding and molecular recognition. How do the two play their roles and how are they coupled during this process? This question is usually addressed on the basis of two limiting models, induced folding (e.g., folding after binding) and conformational selection (e.g., folding before binding). Generally, they can be distinguished by the free-energy surfaces (54) . It is worth noting that the accurate contribution of the two extreme cases can be obtained by calculating the flux through each pathway (47, 48) .
In the present work, we developed an atomistic IDP model by building a hybrid potential (55, 56) . In our model, the local backbone and side-chain interactions were described by an unbiased and transferable physics-based term, whereas the nonlocal interactions were modeled by structure-based (for native interactions) and electrostatic potentials (for nonnative interactions). Note that the structure-based potential was modeled on the basis of native contacts (including all intramolecular and intermolecular contacts; SI Appendix, Fig. S1 ) present in the crystal structure of the bound complex [Protein Data Bank (PDB) ID code 1T6O] (40). Although it is reasonable to explore the binding mechanism of IDP-partner complexes based on the structural information of the bound state, the energetic parameters in structure-based potential should be recalibrated according to the knowledge at the level of residual structure and of binding affinity, as suggested by Ganguly and Chen (33) . Indeed, the standard structure-based models developed for protein folding usually overestimate or underestimate the strength of intraprotein or interprotein interactions. Previous studies also suggested that there are important differences in sequence and energetic distribution between IDPs and canonical globular proteins (8, 33) . Therefore, we introduced a series of scaling factors, in particular, e N and e B , to modulate the folding propensity of the α-MoRE of N TAIL , and its binding strength with XD, respectively. After carefully tuning the energetic parameters in a wide range (see parameter testing in SI Appendix), we identified an optimal parameter set. Finally, e N was chosen to be 1.6 so as to fit an average helicity of 30-50%. e B was set to 0.37, resulting in a dissociation constant in the 10 nM to 10 μM range at a temperature close to that used in experimental conditions. Note that this range is in agreement with the experimentally determined K D (38, 57) . Actually, the parameter testing suggests that modestly varying these energetic parameters around their values in the optimal parameter set have no significant impact on the simulation results, indicating the conclusions in the present work are robust.
A typical trajectory as a function of simulation time is shown in SI Appendix, Fig. S8 . To monitor the folding and binding, we used three order parameters, RMSD X , RMSD N , and R COM , which represent the similarity to the structure of XD in the complex, the similarity to helical N TAIL , and the distance between XD and N TAIL , respectively. Results show that RMSD X is relatively less fluctuating during all of the simulation time in comparison with RMSD N and R COM whose trajectories clearly demonstrate not only folding and binding events of α-MoRE, but also coupling between these events. Note that this trajectory is from the simulation performed at 330 K at which we can observe frequent folding/binding transitions to facilitate statistical analysis (P u is near 0.5 from SI Appendix, Fig. S7) .
The large fluctuation of RMSD N reveals the significant conformational change of the α-MoRE in response to the binding and unbinding to XD. We next illustrated the conformational distribution of the α-MoRE in the bound and unbound states using the intermolecular distance R COM . The conformational distribution of the α-MoRE in the unbound state is shown in Fig. 3 . For comparison, the distribution in the bound state at 298 K is used as the baseline. As shown in Fig. 3 , there is a considerable shift between the distribution of the unbound state and that of the bound state, which is induced by binding interactions. Remarkably, the various distributions of the bound state display significant conformational overlap (see gray region labeled "folded region" in Fig. 3) . Fig. 3 also shows that the unbound α-MoRE samples a wide conformational space with RMSD ranging from 2.0 to 8.0 Å in a broad temperature range. This indicates that N TAIL in the unbound state is able to sample the conformations observed in the bound form. This finding is consistent with the results from the physics-based simulations.
We next explored the 2D free-energy surfaces as a function of a pair of folding and binding order parameters. This enabled us to obtain a global thermodynamic view of the mechanism of the coupled folding and binding process. As shown in Fig. 4 , the binding order parameter is R COM and the folding order parameter is S α , a parameter that has been suggested to be a good variable in describing the folding of protein secondary structures (58, 59 ) (for a detailed definition of S α , see SI Appendix). Note that the S α value of a fully helical conformation is 13, whereas that of a totally unfolded conformation is near 0. S α is distributed sufficiently in the possible conformation region with R COM > 1:8 nm, indicating a sufficient sampling of the helical conformations from unfolded or partially helical states to a totally folded state. It also implies that our IDP model is superior to physics-based models in the efficient sampling of the disordered ensemble of IDPs. However, the free-energy surface disfavors the route from the conformational region with a high S α value and a high R COM (unbound-folded state) to the region with high S α value but low R COM (bound-folded state, or the final bound state). On the contrary, it indicates that the coupled folding and binding process proceeds through a path along the lower right corner. Therefore, the 2D free-energy surface F (R COM , S α ) in Fig. 4A corresponds to the induced folding route (blue solid line) rather than the conformational selection route (red dashed line) in Fig. 4B . This conclusion is also supported by projecting free-energy surfaces onto other folding order parameters and binding order parameters as shown in SI Appendix, Fig.  S12 . In other words, the thermodynamic perspective from the IDP model gives a strong support to an induced folding mechanism even though folded conformations preexist in the unbound state.
It is important to note that the above analysis was based on a strict definition of induced folding and conformational selection, where the former corresponds to the route through the B-UF state and the latter to that through the UB-F state. However, the actual mechanism in the cellular environment may not be so simple and distinguishable. In fact, there are increasing examples in which the two mechanisms coexist and their contributions can be exactly calculated by the path flux method (47, 48) . Although the free-energy surface F(S α , R COM ) is in favor of induced folding, the transition state located at a region with R COM ∈ð1:6; 2:0Þ and S α ∈ð2:0; 6:0Þ indicates that N TAIL is not totally unfolded when binding occurs. This implies a scenario where a preconfigured conformational subensemble of free N TAIL with various degrees of helicity preexist in solution before binding; subsequently, XD chooses to bind to the partially folded conformers and induces the α-MoRE to fold into a perfect α-helix. From this point, we may argue that N TAIL binds and folds via a mixed mechanism in which conformational selection is followed by induced folding to form the final complex. Note that, although the transition state may require a stricter definition, this approximation does not affect the qualitative analysis here.
To further shed light onto the transition state (as determined by the free-energy profile shown in SI Appendix, Fig. S9 ), we estimated the intramolecular interactions by calculating the contact probability between XD and N TAIL by the definition
1:0 1þexpð5:0*ðRij − 9:0ÞÞ ] taken from ref. 60 . It is a continuous function of the C α −C α distance so that the contact probability map involves not only native interactions but also nonnative interactions. This enabled us to determine whether electrostatic interactions (as a form of nonnative interactions) play a role or not in the binding process. From the contact probability map shown in SI Appendix, Fig. S10 , the regions with high contact probability mainly establish hydrophobic interactions, although electrostatic interactions also play a role (contacts between Asp487 in N TAIL and Lys489 in XD), indicating that hydrophobic interactions contribute more than electrostatic interactions in the recognition between XD and N TAIL . Of course, electrostatic interactions may contribute to the process, but they seem to be not as important as in other complexes involving IDPs, such as the histone chaperon Chz1 binding to the variant histone H2A.Z-H2B system (11).
The α-MoRE of N TAIL Resembles More a Molten Globule than a Random Coil. IDPs have challenged the traditional sequence-structure relationship and have led to the protein trinity model in which IDPs in the free form were proposed to exist in a liquid-like collapsed-disordered state [molten globule (MG)] or in a gas-like extended-disordered state (random coil or pre-MG) depending on the degree of structural compactness (61) . Accordingly, one can raise the question as to whether N TAIL in the free form exists as an MG or a random coil.
To measure the compactness of the α-MoRE of N TAIL , the radius of gyration (R g ) was used. The R g distribution of the α-MoRE in the bound and unbound states is shown in Fig. 5A . The R g of the α-MoRE fluctuates between 6.0 and 12.0 Å in the unbound state and between 7.0 and 12.0 Å in the bound state. The R g distribution of the free form of the α-MoRE of N TAIL covers the R g region of the bound state, but not vice versa. The wide R g distribution of the free form of the α-MoRE of N TAIL might reflect the ability of this region to sample many conformational substates with transient helical structures and whose R g values are typically around 9.0 Å. The finding that the peak of R g distribution is smaller in the unbound state than in the bound state is rather surprising. This indicates that the majority of the conformations of the free form of the α-MoRE are more compact than the bound conformation (the folded state). In other words, N TAIL is inclined to exhibit an MG-like behavior instead of a random coil-like behavior. Similar results were also observed in another IDP-related system, namely Sic1-Cdc4 (62), which has been well studied as a typical case of fuzzy complex (15) . Evidence from previous NMR and SAXS experiments as well as theoretical computations demonstrated that Sic1 is compact rather than extended in the unbound state resulting from transient ordered structures (62) (63) (64) , like the α-MoRE of N TAIL . Nevertheless, contrary to our present case in which hydrophobic interactions have a major influence in the recognition between N TAIL and XD, electrostatic interactions play a prominent role in the Sic1-Cdc4 system.
We further checked the full conformational space of the α-MoRE in the unbound state by the 2D free-energy surface as a function of RMSD and R g . As shown in Fig. 5B , the conformational space of the α-MoRE in the unbound state sampled by the structure-based simulation is mostly located at collapsed regions (RMSD > 4:0 and R g < 9.5) and minor at the folded regions (RMSD < 3:0 and R g around 9.0). The high free energy in the extended conformation region (R g > 10.0) indicates that the α-MoRE in the unbound state rarely samples the random coiled structures, thus ruling out the possibility that the α-MoRE can exist as a random coil. We further validated this conclusion by atomistic physics-based REMD simulations of the free form of the α-MoRE in explicit solvent (Fig. 5C ). As shown in Fig. 5C , conformational sampling by the physics-based simulations is more disperse than that obtained with the structure-based simulations, a finding that could be anticipated given the strong energy biasing to a single native structure in the structure-based model that limits the sampling of nonnative conformational space, even if we have introduced an unbiased local physicsbased term. Despite this, the results from the two complementary models are in striking agreement and support the conclusion that the α-MoRE of N TAIL behaves more like an MG than a random coil.
Low-Barrier or Downhill Folding. There are increasing studies of the thermodynamic properties of IDPs suggesting that their folding is different from that of canonical proteins that are typically described by two-state or three-state models. By contrast, a few IDPs, including the heat shock protein Hsp22 (65) and the nuclear coactivator binding domain (NCBD) (32), were proposed to be classified as one-state proteins with a downhill folding behavior. In fact, the possibility of the existence of downhill folding proteins has been predicted by the energy landscape theory (66) . In the perspective of the energy landscape theory, the transition of one-state protein from the unfolded to the folded state can proceed without encountering any significant free-energy barriers. According to such downhill folding scenario, many criteria have been developed to characterize the specific features of IDPs (67) (68) (69) . In general, the downhill folding IDPs have several common features, including small size and α-helical structure, which are closely related with the low cooperativity and low barrier in folding. Because the α-MoRE of N TAIL also satisfies these criteria, this led us to speculate that the α-MoRE of MoRE might display a downhill folding behavior. The collected evidence is summarized in SI Appendix, Fig. S11 , which shows that the α-MoRE of N TAIL lacks an obvious heat capacity peak that is clearly present in a typical two-state protein A B such as SH3 (55) . The broad distribution of RMSD (in Fig. 3 ) in a wide temperature range is also against the scenario of a twostate cooperative folding. In addition, the free-energy profiles as a function of folding Q and potential energy (SI Appendix, Fig.  S11 ) suggest that the α-MoRE of N TAIL lacks a significant freeenergy barrier during the disorder-to-order transition. Overall, our data are in good agreement with the main criteria of the downhill folding scenario. Although the present data do not allow us to definitely conclude that the α-MoRE of N TAIL does belong to the one-state downhill folding class of proteins, they tend toward this scenario and provide a good prediction to guide further experiments.
Discussion and Conclusion
In general, current efforts in molecular-dynamics simulations can be divided into two categories: physics-based and structurebased. The formers are usually based on the empirically parameterized force field and do not require prior knowledge of ordered structure, thus enabling the prediction of the heterogeneous unfolded ensemble of IDPs (24) (25) (26) (27) (28) . However, physics-based simulations are often limited by the enormous computational cost. In contrast, structure-based models have a huge advantage in terms of speed for sampling the conformational space because of the smooth topology of the underlying energy landscape (22, 70, 71) . This is especially true with the aid of coarse-grained techniques, of course, at the price of structural details. Therefore, to obtain an integrated understanding of the complicated IDP systems, multiscale strategies become necessary, as we did in the present and recent works (10) .
The combined use of physics-based and structure-based simulations based on our IDP model allowed us to draw four conclusions that improve our current knowledge about the behavior of the α-MoRE of N TAIL and the coupled folding and binding process it undergoes in the presence of XD. First, the α-MoRE of N TAIL in solvent before binding is not completely disordered. In fact, multiple transiently populated structures with various degree of α-helicity preexist, with this α-helical sampling especially concerning the region spanning residues 492-499. Second, the coupled folding and binding of N TAIL to XD takes place according to an induced folding scenario rather than conformational selection despite the occurrence of preexisting helical conformations within N TAIL . Third, the α-MoRE of N TAIL behaves more like an MG than a random coil, as judged from the observation that the unbound conformational ensemble has an average R g that is even smaller than that of the folded state. Finally, obtained results suggest that the α-MoRE of N TAIL behaves as a downhill folder in the induced folding process.
Conformational Selection Followed by Induced Folding. Overall, the simulation results are in good agreement with experimental data (36, 38, 46, 72) and provide a global thermodynamic perspective as well as a structural description at atomic level of the coupled folding and binding process. During the process, the 2D freeenergy surface is in favor of an induced folding mechanism, but it does not rule out the possibility of a mixed mechanism in which conformational selection also plays a minor role in the process (Fig. 6) . Indeed, in the context of a mixed or synergistic model (73) , the free-energy surface gives a more refined picture in which XD selects the partially ordered conformations of N TAIL , and then induces the formation of the bound form. In other words, the recognition process proceeds via conformational selection, followed by induced folding. Partial helical regions within the α-MoRE bind first to XD subsites, subsequently XD serves as the template to induce the disordered part of the α-MoRE to adjust its conformation and form the final complex.
It is worth noting that even if the α-MoRE can sample the long helix in the absence of XD ðS α > 10Þ, it is not selected by XD (evident from the free-energy surface, as shown in Fig. 4 , indicating no route from UB-F state to B-F state). This can be explained by considering that the rigidity of a fully folded α-MoRE disfavors rapid binding by dramatically reducing the association rate constants because of the severe orientational restraints (74) . Our theoretical results support a scenario in which disorder facilitates binding. However, it is important to emphasize that this facilitation does not rely on "fly casting" (18) because the α-MoRE behaves like an MG with a compact structure and whose R g is even smaller than that of the folded state. Although the fly-casting effect does not apply to the α-MoRE, it may apply to the long N TAIL regions flanking the α-MoRE that are permanently disordered (38, 41, 45) . That permanently disordered regions behave more like random coils than like MGs is not surprising because these regions rarely play a role in recognition, contrary to MoREs that contribute to binding to specific partners, and exhibit partially ordered structure.
From the kinetic perspective, conformational selection plays a role in binding, whereas induced folding is dominant in folding ð½X þ ½N # CS ½E # IF ½XNÞ. In the binding step to form the encounter complex ð½X þ ½N # CS ½EÞ, the flexibility of the disordered part facilitates the rapid recognition of the binding site (s). Thus, disordered conformations are kinetically favored with respect to ordered conformations. By contrast, in the folding step ð½E # IF ½XNÞ, ordered conformations are thermodynamically favored to decrease the dissociation and increase the transition to the bound form (XN). On the other hand, the presence of ordered conformations can reduce the time for searching the conformational space to reach the final bound structure. From another perspective, the ordered part accounts for the binding affinity, whereas the disordered part is responsible for the specificity (23, 75, 76) . Finally, we further propose that the preferential selection of a partially ordered conformation is a consequence of the balance between kinetics and thermodynamics as well as between affinity and specificity.
IDPs Are in a Continuous Spectrum of Funneledness. The energy landscape theory originally relied on studies of small folded proteins (77, 78) and has been further used to understand the complexity of IDPs (10, 30, 54) , and, more recently, to study relatively large multidomain proteins (71) . In contrast to naturally folded proteins, which have a smooth energy funnel, IDPs have relatively flat and rough energy landscapes with shallow energy minima (79) . Recent work has suggested that it is the Fig. 6 . Free-energy landscape illustrating that the coupled folding and binding process of the α-MoRE of N TAIL occurs according to a mixed mechanism of conformational selection followed by induced folding. The α-MoRE of N TAIL in the unbound state is a compact MG consisting of conformers rapidly fluctuating between disordered and ordered forms with various degree of helicity. As binding occurs, XD selects the partially ordered conformations of the α-MoRE of N TAIL from the conformational ensemble, and subsequently induces downhill folding of the α-MoRE that adopts an α-helical conformation over its entire length. Therefore, the recognition process proceeds via a mechanism to which both conformational selection and induced folding contribute.
"degree of funneledness" of the underlying landscape (80) that controls the thermodynamic and kinetic differences among proteins. Evidence is accumulating that the energy landscapes of cellular proteins are not perfectly funneled or completely flat, and instead they should be considered as a continuous spectrum with different degrees of funneledness.
Here, we argue that IDPs have a certain degree of funneledness, which sets them aside from polypeptides with random sequence. In other words, there are multiple shallow energy basins on the underlying landscape of IDPs corresponding to substates with partially ordered secondary or tertiary structure whose stability is determined by the basin depth. On one hand, there is a substantial number of shallow basins that can be selected by different binding partners, accounting for the binding promiscuity (81) . On the other, the basins are not too many, resulting in specific recognition by which IDPs can only bind to a small subset of the possible binding partners (82) . Different selections of basins lead to different binding mechanisms (conformational selection, induced folding, or their mixing). Conformational selection and induced folding imply selection of the basins of folded and unfolded states, respectively, whereas the selection of partially folded states corresponds to a mixed mechanism in which both conformational selection and induced folding have their contributions as shown in the present work. Of course, these shallow basins will be reshaped through potential energy or conformational entropy reduction from the binding to specific partners.
In fact, a whole protein is usually composed of diverse segments with different biophysical properties (with varying degrees of funneledness), including an ordered core and flexible linkers or loops as well as intrinsically disordered regions. In this way, a complex energy landscape emerges to carry out rich biological functions (79) . The nucleoprotein and phosphoprotein of MeV provide such typical cases. The nucleoprotein is composed of an ordered region, N CORN , and a disordered N TAIL region. Whereas the former is responsible for binding the viral RNA and for maintaining the nucleocapsid structure, the latter consists in a long disordered region playing a role in increasing the effective interacting distance of the α-MoRE. The α-MoRE serves as an anchor for the polymerase complex. Like the nucleoprotein, the phosphoprotein also contains disordered regions, being even more modular in its architecture and consisting of alternating disordered and ordered regions. The functional polyvalence of the nucleoprotein and of the phosphoprotein (72, (83) (84) (85) (86) (87) might result from the combination of diverse peptide segments with different degrees of funneledness.
Relationships Between MG, Low-Barrier or Downhill Folding, and IDPs. Evidence has recently been accumulated suggesting that the MG feature of free N TAIL is not a unique case. In fact, more and more IDPs in the absence of interacting partners were found to behave not like random coils and rather to possess residual ordered structure before binding (26, 33, 88, 89) . This is consistent with our proposal that the energy landscape of IDPs often has a certain degree of funneledness. Another feature, namely the low-barrier (or downhill) folding of N TAIL during its binding to XD, is also shared by a few other IDPs (12, 65, 90) . Our previous simulations of coupled folding and binding of two IDPs, namely proteinase inhibitor IA3 (10) and histone chaperone Chz1 (11), unveiled that their induced folding is also downhilllike (the energy barriers are less than 1k B T), although we did not emphasize this point in those studies.
Interestingly, although the notions of "downhill folding," "molten globule," and "intrinsic disorder" were originally proposed and studied in distinct research subfields, they are here gathered within a unique system that is MG-like and undergoes a disorder-to-order transition without significant barriers. In recent years, an increasing number of studies emphasized a relationship between MG and downhill folding (67, 91, 92) , between downhill folding and IDP (12, 65, 90) , and finally between MG and IDP (4, 26, 88, 89, 93, 94) . From the energy landscape perspective, the MG state is between the unfolded state at the top of the funnel and the folded state at the bottom of the funnel (78) . In contrast to the unfolded state, the MG state has some native structure and is closer to the folded state. This probably facilitates the folding process through reduction of the entropy search space, compared with a totally unfolded state (random coil). In other words, the MG state facilitates the low-barrier folding. What is the benefit of lowbarrier or downhill folding for IDPs? It was argued that the downhill folding can avoid the folding step (e.g., ½E→½XN in the present work) from being rate limited (34) . That is, IDPs can benefit from downhill folding for rapid association. It is important to note that this feature represents only one of the features required for IDPs functions. For signaling and regulation, IDPs have to avoid being trapped in the bound state so as to be able to act as effective on-off switches. Thus, rapid dissociation is also required.
How do IDPs achieve rapid association and dissociation at the same time? We propose that IDPs achieve this via a kinetic "divide-and-conquer" strategy that is similar to that used in the folding of multidomain proteins (71) . In this mechanism, the formation and breaking of interactions between the IDP and its partner takes place in a gradual way rather than according to the all-or-none mode that typifies the docking of ordered proteins. The binding is generally described by a three-state model in which a protein has to encounter its partner to form a loosely bound encounter complex before forming the final bound complex (11, 19) , as shown in Fig. 7 . The encountering between a protein and its partner is under the control of translational and rotational diffusion. In other words, translational entropy reduction contributes mainly to the free-energy barrier in the encounter step rather than in the evolution step. The resultant free-energy profiles in the first encounter step are similar between ordered proteins and IDPs, despite the fact that a "fly-casting" effect may slightly lower the free-energy barrier for IDPs due to greater capture radii (18, 30) . In fact, previous and our present work suggest that an IDP may not necessarily have a greater capture radius than its ordered form (62) (63) (64) . Therefore, we propose that the major differences in the binding mechanism between ordered proteins and IDPs lie in the evolution step. In contrast to ordered proteins, the encounter state and the bound state of IDPs are connected by multiple small energy barriers rather than a high-energy barrier, as a consequence of the stepwise binding (Fig. 7) . IDPs sacrifice the affinity (with lower binding strength) for obtaining specific functions of signal transduction and gene regulation, which require the relatively fast binding and unbinding for information relay and effective gene regulation. As a result, the association/dissociation are fast as in low-barrier transitions. In fact, a survey of the available experimental and theoretical data of IDP-containing complexes, including Cdc42-CBD (29), pKID-KIX (30, 95) , RAP74-FCP1 (35), Chz1-Histone (11), and IA3-YPrA (10), unveiled that they all share a multistep kinetics giving strong support to the kinetic divide-and-conquer mechanism.
The idea of a kinetic divide and conquer strategy is based on the following arguments. From transition state theory, the kinetic time is linked to the barrier height exponentially. Obviously, the time required for a transition characterized by a single high barrier is usually much longer compared with the kinetics of a transition through multiple small barriers (τ single ∼ e nB τ multiple ∼ ne B , where B represents the single barrier height and nB represents n barriers with height B; Fig. 7) .
Although IDPs generally tend to have a lower binding affinity toward their partners than ordered proteins (19) , it is possible that IDPs form strong complexes (e.g., K D in the nanomolar range) in some cases. In particular, the binding affinity of the α-MoRE of N TAIL to XD was found to be relatively high with a K D in the 100 nM range (38, 50, 57) . Although the kinetic divide-and-conquer mechanism provides an excellent strategy to achieve fast association/dissociation, other factors, including pH, ion concentrations, and cofactors, also might play a role in modulating the binding strength (11, 96) . In fact, it has been suggested that Hsp70 (heat shock proteins) together with the cochaperone Hsp40, can promote the on-off transitions of the XD-N TAIL complex by weakening the complex strength through competitive binding to N TAIL (96) .
In addition, it is also expected that the kinetic divide-andconquer strategy can render IDPs able to adapt their structure so as to perfectly match the binding site(s) of their native partner(s) but not to those of nonnative ones, which confers them high specificity. Understanding the precise mechanism by which IDPs distinguish native partners from nonnative ones is beyond the scope of the present work, although functional motifs within IDPs (e.g., MoREs) and their sequence context are thought to play a crucial role (97) . Taken together, we propose that IDPs in their free form often possess MG-like features for both promiscuous binding and specific binding, and display a preference for low-barrier or downhill folding during binding to their partners. Binding and unbinding proceed in a stepwise way through a divide-and-conquer strategy that confers them high specificity and avoid their trapping in the bound state thanks to a reduced affinity.
To summarize, IDPs have a strong tendency to exhibit predictable behaviors reflected in (i) their preference for MG state (over random coil) in the absence of the partner, (ii) downhill folding (over two-state or three-state folding) for formation of the bound form, and (iii) induced folding (over conformational selection) for the recognition mechanism. The relationship between MG and downhill folding in IDPs deserves further exploration in future studies.
Materials and Methods
Atomistic Physics-Based Model. The initial configuration of the α-MoRE of N TAIL was taken from the bound structure with XD (PDB ID code 1T6O) with a representation of a whole pure α-helix (residues 484-504) and then is solvated in a truncated octahedral box with 5.14 nm between closest walls by using a simple point charge water model. The system has 10,397 atoms including 3,359 water molecules, as well as 3 Na atoms and 4 Cl atoms to neutralize the solvated protein system, resulting in a salt concentration of 50 mM NaCl, comparable to that used in experimental conditions of previous studies (46) . The long-ranged electrostatic interactions using periodic boundary conditions were calculated by the particle mesh Ewald method with a cutoff radius of 0.9 nm and a grid spacing of 0.16 nm. van der Waals interactions were truncated at 0.9 nm. All bonds were constrained with the LINCS algorithm ensuring an integration time step of 2 fs. We used a modified CHARMM22 force field [CHARMM22*, proposed by Piana et al. (98) ], in which the backbone ϕ and ψ torsion and certain side chains have been modified to achieve a wider application to proteins with varying structures (99) and a better accordance with experimental measurements (24) . All MD simulations were carried out with the Gromacs 4.5.4 package (100). At first, the energy of the system is minimized using 50,000 steps of steepest descent algorithm. Then, a 1-ns simulation at constant pressure and temperature was performed at 300 K to equilibrate the system. The equilibrated structures were used as starting points for REMD simulations (101) . A series of 96 replicas at temperatures ranging from 270 to 598 K with fixed volume each were performed. Finally, the final configurations at each temperature were collected. Each replica was carried out for 130 ns and attempted to exchange with the neighbor replica at every 5-ps (2,500-steps) interval. This process accumulated ∼ 1:2 × 10 7 configurations and aggregated a total simulation time of ∼ 12:4 μs.
Atomistic Structure-Based Model. Recently, atomistic structure-based models have attracted much attention because of the huge speed advantage without the need of reducing the level of structural details. A typical atomic structure-based model is SMOG (102) . However, given the fact that unstructured ensembles are especially important for understanding IDPs, such a model suffers from the drawback that the local angular and dihedral terms, as well as the nonlocal attractive term are strongly biased to a single native conformation. Here, we developed an atomistic structure-based model specifically designed for IDPs by introducing an unbiased and transferable description of the local backbone and side-chain interactions. The model merges a physics-based force field description [AMBER99SB-ILDN (103), an updated force field] of these local interactions with a structurebased long-ranged potential. The nonnative long-ranged interactions are introduced by electrostatic term. The hybrid structure-based Hamiltonian is given by the following expression:
The IDP is modeled with atomic details with the exception of hydrogen atoms. The total energy U IDP is divided into local, nonlocal, and electrostatic interactions in addition to a wall potential. The local term U PB is physicsbased and maintains the geometry and the correct backbone and side-chain rotamers of the IDP without any biasing. U PB consists of the following terms of the physics-based force field: two-body bonded potential, three-body angle potential, four-body proper and improper dihedrals, and one to four short-range van der Waals potentials. The nonlocal structure-based term U SB can be partitioned into two components: an attraction term (U attraction ), which is contained within a contact map to provide the secondary and tertiary bias to folding and binding, and a repulsive term (U repulsive ) used to provide the excluded volume. The contacts are determined from the structure of the IDP-target complex (PDB ID code 1T6O). Note that all native contacts present in the complex were used to build the U attraction term. The intramolecular contacts control the folding of the α-MoRE and the stability of XD, whereas the intermolecular contacts determine their binding. Any atoms not interacting through a native contact, bond, angle or dihedral, are considered "noncontacts" and interact through excluded volume. The U charge term introduces the electrostatic interactions. In addition, we use the wall potential U wall to control the protein concentration.
The physics-based term U PB is totally borrowed from the AMBER99SB-ILDN force field whose semiempirical parameters have been accurately refined to reproduce experimental data and quantum-mechanical calculations. Thus, the energetic parameters in U PB were fixed during the modeling. Then we focused our efforts on the energetic parameters in U SB . First, we introduced e LJ to rescale the total energy contribution of U SB . This is under the control of translational and rotational diffusion. The major differences in the binding mechanism between ordered proteins and IDPs lie in the evolution step. IDPs form and break interactions with their partners in a gradual way (red) rather than according to an all-or-none discrete mechanism as observed for the docking of ordered proteins (blue). In this way, the association/dissociation of IDPs is determined by the low-energy barrier transitions and becomes relatively fast.
parameter determines the funneledness of the underlying energy landscape (80) . Too low values of e LJ will lead to XD and N TAIL being unfoldable, whereas too high values will result in a overstable bound complex. Finally, we chose e LJ ¼ 3:6, which approximates the choice of Sutto's model (55) . To calibrate our IDP model to fit with experimental knowledge of the overall level of residual structures of IDP in the unbound state and also the structural fluctuation of XD, we introduced e N and e X to uniformly rescale the strength of intramolecular native contacts within N TAIL and XD, respectively. To further match the binding affinity based on experimental measurement, we introduced e B to rescale the strength of intermolecular native contacts between XD and N TAIL . We further tested the atomistic structure-based model using an extensive set of parameters, including particularly e LJ ranging from 1.0 to 10.0, e X from 0.2 to 2.0, e N from 0.2 to 4.0, and e B from 0.2 to 1.5 (SI Appendix, Table S1 , and SI Appendix, Figs. S13-S20) . Finally, we chose the following parameter set:e LJ ¼ 3:6, e X ¼ 1:0, e N ¼ 1:5, and e B ¼ 0:37. Note that the analysis of the coupled folding and binding is based on this parameter set throughout the article, except if differently specified.
Furthermore, we introduced e HB X and e HB N to rescale the strength of native contacts in hydrogen bonds with helices. By tuning e HB X and e HB N , we are able to modulate the stability of secondary structure in the protein. In this work, e HB X ¼ 2:5 and e HB N ¼ 1:5. We found that all conclusions in this article are robust to modest changes of these energetic parameters in a certain range (SI Appendix, Table S1 , and SI Appendix, Figs. S13-S20) around their values in the present parameter set, which has been carefully calibrated. For more details, see SI Appendix.
